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I .  INTRODUCTION 


The  PARRAY  utilizes  the  nonlinearity  of  acoustic  wave  propagation 
in  water  to  synthesize  a  virtual  array  between  two  transducers,  the 
pump  and  hydrophone.  This  virtual  array  has  the  directivity  characteristics 
of  a  conventional  end-fire  array  of  the  same  length  as  the  pump-hydrophone 
separation,  but  with  a  considerable  reduction  in  the  number  of  transducers 
required.  The  main  advantage  of  using  a  PARRAY  in  a  submarine  application, 
therefore,  is  that  a  narrow,  conical  receiving  beam  can  be  obtained  with 
minimum  hardware  in  the  water.  This  receiving  beam  has  a  front-to-back 
ratio  and  a  vertical  directivity  which  discriminate  against  surface  noise 
at  the  mid  frequencies.  Also,  since  the  virtual  array  is  synthesized  in 
the  water,  it  is  reformed  (or  stabilized)  at  the  speed  of  sound  during 
maneuvers  and  changes  in  heading.  Because  there  are  no  transducer  elements 
between  pump  and  hydrophone,  the  PARRAY  may  be  less  sensitive  to  flow 
noise  as  boat  speed  increases.  These  characteristics  of  the  parametric 
receiving  array  contribute  to  its  attractiveness  in  submarine  passive 
sonar  applications.  However,  there  are  possible  performance  limitations 
of  a  mobile  PARRAY  that  need  to  be  considered.  In  particular,  the  effects 
of  transducer  vibration  and  of  turbulence  in  the  PARRAY  interaction 
volume  may  constrain  the  usefulness  of  the  PARRAY  in  a  mobile  application 
and  therefore  should  be  studied. 

Previous  work  on  the  PARRAY  was  conducted  using  band  elimination 
crystal  filters  to  suppress  the  high  level  pump  signal  and  permit 
recovery  of  the  information  in  the  sidebands.  However,  for  most  mobile 
applications  there  are  potential  problems  using  this  technique.  There 
will  almost  surely  be  some  vibration  of  the  transducers,  which  can  smear 
narrowband  signals  and  degrade  the  performance  of  the  PARRAY.  A  phase- 
locked  loop  (PLL)  receiver  has  been  shown  in  this  study  to  be  well 
suited  to  the  solution  of  this  problem.  The  receiver  must  be  capable 
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of  processing  signals  with  very  wide  dynamic  range  with  minimum  noise 
and  distortion;  this  requires  the  system  to  have  good  linearity 
and  very  low  noise  throughout.  The  development  of  a  PLL  receiver  suitable 
for  mobile  PARRAY  applications  is  discussed  in  Section  II  of  this  report. 

Because  the  parametric  receiver  effectively  forms  an  array  in  the 
medium  between  pump  and  hydrophone,  its  operation  is  sensitive  to  the 
state  of  the  medium  in  this  region.  The  presence  of  air  bubbles,  pieces 
of  hardware,  or  significant  temperature  or  flow  velocity  gradients  will 
modify  the  synthesized  array  and  alter  its  performance.  In  particular, 
at  moderate  or  high  boat  speeds,  the  turbulence  produced  in  the  wake  of 
the  pump  transducer  may  have  several  effects  on  the  performance  of  the 
parametric  receiver.  The  turbulence  will  act  as  a  volume  distributed, 
low  frequency  acoustic  source  that  will  increase  the  noise  level  of  the 
parametric  receiver.  Turbulence  will  also  scatter  the  acoustic  waves 
propagating  between  pump  and  hydrophone,  thereby  producing  random 
amplitude  and  phase  fluctuations  in  the  detected  acoustic  signals.  These 
effects  of  turbulence  are  investigated  in  Section  III. 

A  summary  of  the  results  of  this  study  is  contained  in  Section  IV. 


II.  PARRAY  PHASE-LOCKED  LOOP  (PLL)  RECEIVER  DEVELOPMENT 


The  parametric  acoustic  receiving  array  (PARRAY)  utilizes  the 

nonlinearity  of  the  medium  to  synthesize  a  directional  acoustic  sensor. 

For  this  reason  the  PARRAY  exhibits  a  response  to  transducer  vibration 
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that  is  significantly  different  from  a  linear  array.  Figure  1  depicts 
the  PARRAY,  which  uses  the  nonlinear  interaction  of  an  injected  high 
frequency  pump  wave  and  low  frequency  acoustic  signal  waves  in  the 
medium  to  generate  modulation  sidebands  about  the  pump  frequency  that 
are  detected  by  the  receiver  electronics.  Relative  longitudinal  motion 
of  the  PARRAY  transducers  phase  modulates  the  carrier  and  sideband 
signals  received  by  the  PARRAY  hydrophone  and  can  degrade  PARRAY 
performance. 

The  phase-locked  loop  receiver  of  the  type  developed  in  this  study 
is  well  suited  for  demodulating  PARRAY  hydrophone  signals  and  reducing 
the  effect  of  transducer  vibration  on  the  PARRAY  output.  The  purpose  of 
the  study  described  in  this  section  was  to  design,  fabricate,  and 
evaluate  a  PLL  (or  mixer)  receiver  for  mobile  PARRAY  applications. 

A.  Project  Accomplishments 

1.  Phase-Locked  Loop  Analysis 


Relative  longitudinal  motion  of  the  PARRAY  transducers  phase 

modulates  the  signals  received  by  the  PARRAY  hydrophone.  Relative 

displacement  on  the  order  of  the  pump  wavelength  generates  intermodulation 

between  the  acoustically  generated  signals  and  the  vibration  signals.  It 
4 

has  been  shown  that  the  PARRAY  hydrophone  output  in  the  presence  of 
transducer  vibration  is  a  carrier  signal  phase  modulated  by  the  sum  of 
an  acoustic  signal  and  the  vibration  signal. 
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The  spectrum  of  this  type  of  signal  is  shown  in  Fig.  2.  This  figure 
shows  how  the  intermodulation  products  generated  by  transducer  vibration 
tend  to  mask  the  desired  acoustically  generated  sideband  signals,  which  makes 
detection  of  narrowband  sideband  signals  difficult.  A  PLL  demodulator  can 
reduce  the  level  of  the  intermodulation  signals  relative  to  the  acoustic 
signals  by  linearly  demodulating  the  phase  modulated  signal  present  at 
the  PARRAY  hydrophone  output. 

Analysis  of  the  PLL  receiver,  which  assumes  all  components  are  linear, ^ 
predicts  no  intermodulation  between  the  acoustic  and  vibration  signals 
at  the  PLL  output.  For  PARRAY  applications  with  high  level  transducer 
vibration,  nonlinearities  in  loop  components  make  this  analysis  inadequate. 
Nonlinearities  in  PLL  components  produce  harmonics  as  well  as  intermodula¬ 
tion  products.  The  level  of  the  intermodulation  products  is  important 
in  mobile  PARRAY  applications  because  the  PARRAY  demodulator  must  process 
low  level  acoustic  signals  in  the  presence  of  high  level  vibration 
generated  signals. 

6  7  8 

A  number  of  authors  ’  ’  have  studied  the  effects  of  nonlinearity 

in  PLL  demodulators.  These  studies  are  not  applicable  to  the  PARRAY  PLL 

operation  because  of  assumptions  that  are  not  valid  for  the  type  PLL 

needed  for  PARRAY  applications.  For  this  reason  analysis  has  been 

performed  to  allow  prediction  of  the  PLL  output  when  the  PLL  input  is  the 

expected  PARRAY  hydrophone  output.  This  analysis  uses  a  perturbation 

series  technique  to  separately  determine  the  effects  of  phase  detector  and 

9 

voltage  controlled  oscillator  nonlinearities  on  the  PLL  output. 

This  analysis  showed  that  for  the  particular  circuit  used  in  this  study 
the  voltage  controlled  oscillator  (VCO)  generated  most  of  the  intermodulation 
present  at  the  PLL  output.  Using  the  measured  value  of  VCO  nonlinearity 
the  predicted  levels  of  intermodulation  signals  were  compared  with 
experimental  measurements. 


Prototype  Receiver  Design  and  Fabrication 


A  block  diagram  of  the  prototype  PLL  receiver  is  shown  in  Fig.  3. 
This  receiver  is  designed  for  65  kHz  carrier  frequency  but  can  be  modified 
for  use  at  other  frequencies  by  changing  the  VCO.  This  receiver  has  both 
a  high  and  low  input  impedance  port  and  variable  loop  filter  frequency, 
which  allow  flexibility  of  operation.  Additional  circuit  details  and  a 
schematic  can  be  found  in  Ref.  9.  Results  of  a  number  of  performance 
tests  of  this  receiver  will  be  described  in  the  next  two  sections  of  this 
report. 

3.  Electronic  Measurements  of  PLL  Performance 


Both  electronic  and  acoustic  tests  were  made  in  order  to  measure 
the  characteristics  of  the  PLL  receiver.  Electronic  measurements  were 
used  to  determine  PLL  characteristics  using  a  wide  range  of  well  controlled 
input  characteristics.  Acoustic  tests  were  less  well  controlled  because 
of  physical  limitations;  however,  they  allowed  verification  of  PLL 
performance  under  realistic  conditions. 

Four  basic  types  of  electronic  measurements  were  performed  tc 
determine  the  characteristics  of  the  PLL  receiver.  These  measurements 
were  frequency  response,  receiver  noise,  intermodulation  distortion, 
and  VCO  electronic  tuning  response.  These  measurements  are  described  in 
Ref.  9;  however,  a  summary  of  their  results  is  given  here.  The  PLL 
frequency  response  verified  basic  PLL  operation  as  predicted  by  linear 
PLL  theory.  The  results  of  these  tests  were  in  very  good  agreement 
with  theoretical  predictions. 

Receiver  noise  tests  measured  the  electronic  noise  of  the  PLL 
receiver  under  operating  conditions  in  order  to  measure  the  minimum 
sideband  level  that  can  be  detected  by  the  receiver.  These  measurements 
showed  that  the  PLL  receiver  could  detect  sidebands  with  sideband-to- 
carrier  ratios  (SBCR)  of  approximately  -160  to  -163  dB.  Receiver  noise 
limitations  may  be  a  problem  in  some  applications.  Present  notch  filter 
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receivers  are  capable  of  detecting  signals  with  SBCR's  on  the  order  of 
-170  dB. 


Intermodulation  distortion  measurements  used  simulated  PARRAY 
signals  to  measure  the  level  of  intermodulation  present  at  the  PLL 
output.  The  results  of  these  measurements  were  in  good  agreement  with 
acoustic  data  and  theoretical  predictions. 

Measurements  of  VCO  electronic  tuning  response  allowed  prediction 
of  intermodulation  levels  as  well  as  maximum  vibration  levels  over 
which  the  PLL  can  be  expected  to  operate.  A  plot  of  these  maximum 
vibration  levels  is  shown  in  Fig.  4.  This  curve  shows  the  maximum 
transducer  displacement  amplitude  as  a  function  of  vibration  frequency 
that  can  be  tracked  by  the  VCO  used  in  the  present  study.  Displacement 
amplitudes  in  excess  of  this  maximum  will  result  in  greatly  increased 
intermodulation  distortion  levels. 

4.  Acoustic  Measurements 


Acoustic  measurements  were  performed  to  evaluate  the  PLL 
receiver  as  a  part  of  the  PARRAY  system  with  a  vibrating  transducer. 

The  results  of  these  tests  demonstrated  the  effectiveness  of  a  PLL 
in  reducing  the  effects  of  transducer  vibration  on  the  PARRAY  output. 

Figure  5  depicts  the  system  used  to  demonstrate  the  effect  of 
transducer  vibration  on  the  PARRAY  using  two  types  of  demodulators.  The 
system  consists  of  a  PARRAY  pump  and  hydrophone,  a  low  frequency  sound 
source,  and  associated  electronics.  A  motor  driven  system  allows 
variation  of  both  the  frequency  and  amplitude  of  the  PARRAY  hydrophone 
displacement.  This  displacement  was  measured  using  a  low  frequency 
accelerometer.  The  PARRAY  hydrophone  output  was  fed  simultaneously 
into  a  notch  filter  and  PLL  receiver  to  allow  measurement  of  the  PLL 
receiver  reduction  of  intermodulation  sideband  amplitudes. 


MAXIMUM  TRANSDUCER  DISPLACEMENT 


FIGURE  4 

MAXIMUM  TRANSDUCER  DISPLACEMENT  AS  A  FUNCTION  OF 
FREQUENCY  FOR  PRESENT  PLL  RECEIVER  OPERATION 
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Figure  6  compares  the  output  spectrums  of  the  two  receivers  while 
the  PARRAY  was  receiving  a  151  Hz  acoustic  tone.  The  upper  curve  shows 
the  output  spectrum  of  the  notch  filter  receiver  and  the  lower  curve 
the  output  spectrum  of  the  PLL  receiver.  The  spectral  broadening  of  the 
151  Hz  tone  is  caused  by  vibration  of  the  hydrophone  at  a  0.3  Hz  rate 
with  a  peak  displacement  of  approximately  6  mm.  These  curves  demonstrate 
a  reduction  of  the  vibration  induced  intermodulation  sidebands  of 
approximately  50  dB  (relative  to  the  151  Hz  tone)  by  the  PLL  receiver. 

Twelve  data  sets  similar  to  the  curves  in  the  previous  figure  are 
summarized  in  Figs.  7  and  8.  These  curves  show  the  amplitude  of  the 
intermodulation  sidebands  relative  to  the  acoustic  signal  level  as  a 
function  of  vibration  frequency.  Figure  7  shows  the  level  of  these 
sidebands  for  a  peak  transducer  displacement  of  6  mm.  Figure  8 
shows  similar  data  for  a  transducer  displacement  of  2  and  4  mm.  Theoretical 
curves  on  these  figures  show  the  predicted  sideband  amplitude  using  the 
transducer  displacement  measured  by  the  accelerometer.  These  curves 
demonstrate  a  20-40  dB  reduction  of  the  amplitude  of  intermodulation 
sidebands  and  are  within  6  dB  of  theoretical  predictions. 

B.  Summary  and  Conclusions 


The  purpose  of  the  study  described  in  this  section  was  to  design, 
fabricate,  and  evaluate  a  PLL  receiver  for  mobile  PARRAY  applications. 

The  goals  of  this  study  have  been  met  by  analyzing  PLL  operation  with 
the  PARRAY,  developing  a  prototype  receiver,  and  evaluating  the  receiver 
using  an  experimental  PARRAY  system.  Analysis  and  experiments  have 
shown  the  value  of  the  narrowband  PLL  demodulator  in  PARRAY  applications. 
Very  good  performance  has  been  demonstrated  by  the  prototype  PLL 
in  reducing  the  effects  of  transducer  vibration  on  the  PARRAY. 

The  PLL  demodulator  has  been  shown  to  be  a  very  good  receiver  for 
use  in  mobile  PARRAY  applications  where  transducer  vibration  on  the  order 
of  the  pump  wavelength  is  expected.  More  research  is  recommended  in  the 
areas  of  higher  frequency  receiver  design  and  lower  noise  electronics  for 
use  in  future  PARRAY  applications. 
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(a)  BER  -4  OUTPUT  WITH  VIBRATING  HYDROPHONE 


(b)  PHASE-LOCKED  LOOP  RECEIVER  OUTPUT 
WITH  VIBRATING  HYDROPHONE 

FIGURE  6 

COMPARISON  OF  DATA  FROM  PARRAY  RECEIVERS 
FOR  VIBRATING  HYDROPHONE 

(ds5.8fwn  fvs0.3Hz) 
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INTERMODULATION  SIDEBAND  AMPLITUDE 
dB  re  ACOUSTIC  SIGNAL  AMPLITUDE 


PLL  RECEIVER  NOTCH  FILTER  RECEIVER 

EXPERIMENT  O  EXPERIMENT  X 

THEORY  ■  THEORY  — — — 


FIGURE  7 

VIBRATIONAL  SIDEBAND  DATA 
FOR  6  mm  DISPLACEMENT 
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INTERMODULATION  SIDEBAND  AMPLITUC 
dB  re  ACOUSTIC  SIGNAL  AMPLITUDE 


III.  INVESTIGATION  OF  THE  EFFECTS  OF  TURBULENCE  ON  PARRAY  OPERATION 


A.  Theoretical  Results 


Suppose  a  parametric  receiver  consisting  of  pump  transducer  and 
hydrophone  is  placed  on  a  vessel  moving  from  right  to  left  through  the 
medium.  If  the  transducers  are  placed  clear  of  the  boundary  layer 
turbulence  produced  by  the  vessel's  hull,  then  the  situation  can  be 
modeled  by  considering  two  stationary  transducers  in  a  fluid  that  flows 
from  left  to  right,  as  shown  in  Fig.  9.  The  flow  will  separate  in  the 
region  of  the  pump  transducer,  and  vortices  will  form.  At  some  distance 
downstream  from  the  transducer,  the  vortices  will  decompose  into  the 
random  velocity  field  that  characterizes  turbulence.  The  dimensions  and 
intensity  of  the  turbulence  are  dependent  upon  the  flow  velocity  and 
upon  the  geometry  of  the  rigid  boundaries  associated  with  the  flow. 

It  can  be  shown^  that  the  eddies  associated  with  turbulent  flow 
may  be  treated  as  "patches"  of  variable  refractive  index.  These  patches, 
or  inhomogeneities,  will  scatter  the  acoustic  waves  propagating 
in  the  interaction  region  between  pump  transducer  and  hydrophone.  As 
a  result  of  scattering,  amplitude  and  phase  fluctuations  in  both  pump  and 
sideband  waves  will  occur. 

The  fluctuations  in  the  sideband  waves  are  a  source  of  noise  to 
the  parametric  receiver  that  can  act  to  degrade  its  performance  in  the 
detection  of  acoustic  signals.  The  purpose  of  the  theoretical  work 
discussed  in  this  section  is  to  obtain  expressions  for  the  amplitude  and 
fluctuations  in  the  sideband  waves  in  terras  of  parameters  of  the  turbulence. 
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1.  Analysis  for  Weak  Turbulence 

A  detailed  analysis  of  the  effects  of  weak  turbulence  on  the 
performance  of  a  mobile  parametric  receiver  is  given  in  Ref.  10.  In 
this  analysis,  the  acoustic  waves  are  modeled  as  follows.  The  pump 
wave  is  assumed  to  be  spherically  spreading,  but  confined  to  a  narrow 
beam  by  the  directivity  of  the  pump  transducer.  There  are  fluctuations, 
15^  and  S^,  in  the  amplitude  and  phase,  respectively,  of  the  pump  wave. 

For  the  "small  perturbation"  analysis  in  Ref.  10,  these  fluctuations  are 
assumed  to  be  small  (i.e.,  less  than  10%  of  the  mean  amplitude  or  phase). 
The  signal  wave  is  assumed  to  be  planar  and,  because  of  its  relatively 
low  frequency,  is  assumed  to  have  a  negligible  level  fluctuation  due  to 
the  turbulence  in  the  interaction  region. 

The  interaction  of  these  two  first  order  waves  (the  pump  and 
signal  waves)  produces  an  array  of  virtual  sources  in  the  region  between 
pump  and  hydrophone. 

The  second  order  pressure  radiated  from  each  virtual  source  will 
have  amplitude  and  phase  fluctuations,  B+  and  S+,  respectively,  due 
to  scattering  caused  by  turbulence.  The  second  order  pressure  p+ 
detected  by  the  hydrophone  of  the  parametric  receiver  will  therefore 
depend  upon  the  fluctuation  terms  B^,  S^,  B+,  and  S+. 

The  mean  squared  amplitude  and  phase  fluctuations  in  the  pressure 
p+  may  be  shown  to  be 

<B  l>  i  0.1415  C2  k  7/6l11/6  ,  (1) 

PR  n  p 


<S‘>  A  0.8889 

r  K 


—  2  i2 

i.  -  u  >  k 


where 


C  is  the  turbulence  structure  constant, 
n  * 

k  is  the  acoustic  wave  number  at  frequency  ui  , 

P  P 

L  is  the  pump-hydrophone  separation, 

2 

<U  >  is  the  mean  squared  refractive  index  variation,  and 
a  is  the  mean  correlation  distance  of  the  refractive  index. 

Equations  11)  and  (2)  are  expressions  for  fluctuations  in  the  detected 

pressure  p+  in  terms  of  the  acoustic  wave  number,  the  array  length  L, 

2 

and  the  turbulence  parameters,  C  ,  <n  >,  and  a.  These  results  indicate 

n 

that  the  fluctuations  increase  with  the  intensity  of  the  turbulence 

in  the  interaction  rigion.  This  is  because  the  amplitude  and  phase 

2  2 

fluctuations  increase  with  C  and  <m  >,  respectively,  and  both  of 

n 

these  parameters  are  related  to  turbulence  intensity.  Also  from  Eqs.  (1) 
and  (2)  it  can  be  seen  that  the  fluctuations  increase  with  the  separation 
L  of  the  pump  and  hydrophone.  This  is  reasonable,  because  as  L  increases, 
the  number  of  scatterers  that  lie  in  the  paths  of  the  propagating  waves  is 
increased. 

The  results  in  Eqs.  (1)  and  (2)  are  based  on  the  assumption  that 
the  fluctuations  in  the  pump  and  interaction  frequency  waves  remain  small. 
This  amounts  to  assuming  that  the  turbulence  is  sufficiently  weak  for 
given  array  lengths  and  acoustic  wave  numbers  that  small  perturbation 
theory  is  applicable  to  the  problem.  For  stronger  turbulence,  where  the 
methods  of  small  perturbation  theory  no  longer  apply,  it  is  useful  to 
make  a  simpler  theoretical  model. 

2 .  Analysis  for  Strong  Turbulence 

It  is  shown  in  Ref.  10  that  the  fluctuations  in  the  sideband 
pressure  p+  are  approximately  equal  to  corresponding  fluctuations  in  the 
pump  wave.  In  other  words, 

'“pr'  4  • 
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and 


<s2> 

P 


As  an  approximate  solution  to  the  problem  of  strong  turbulence,  "smooth 
perturbation  theory"  for  linear  waves  may  be  used  to  obtain  the  following 
results. 


and 


<BPR> 


0.13 


c2  k  7/6l11/6 

n  p 


(3) 


<S  2>  *  0.50  /T  <u2>  k2  aL 
PR  p 


(4) 


It  can  be  seen  that  these  results  are  approximately  equal  to  the 

expressions  in  Eqs.  (1)  and  (2),  the  difference  being  in  the  numerical 

constants.  This  difference  is  more  severe  for  the  phase  fluctuations  than 

for  the  amplitude  fluctuations.  However,  Eqs.  (3)  and  (4)  are  valid 

for  rms  fluctuation  levels  up  to  about  50%,  whereas  Eqs.  (1)  and  (2) 

are  valid  only  up  to  rms  fluctuation  levels  of  about  10%.  The  simple 

"strong  turbulence"  model  thus  has  the  effect  of  extending  the  range 

of  validity  of  the  theoretical  results  obtained  using  small  perturbation 

2 

theory,  although  for  <S  >  the  approximation  is  somewhat  crude. 

rK 

B.  Theoretical  Examples 


The  results  summarized  in  Section  III-A  can  be  used  to  predict  rms 

2  1/2  2  1/2 

levels  of  fluctuations,  <B,>  and  <S  >  ,  for  a  mobile  parametric 

rK  iK 

receiver.  As  the  theoretical  results  depend  strongly  upon  parameters  of 

turbulence,  some  estimates  for  these  parameters  need  to  be  made.  It 

is  shown  in  Ref.  10  that  the  pertinent  parameters  may  be  calculated  as 

follows.  The  structure  constant  C  is  given  by 

n 

C2  =  8.487  x  10~8  v2L  ~2/3  ,  (5) 

n  o 
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where 


v  is  the  velocity  of  the  vessel  in  m/sec,  and 

Lq  is  the  outer  scale  of  turbulence,  determined  by  dimensions  of 
the  flow  around  the  pump  transducer  housing. 

The  mean  square  refractive  index  variations  are 


<U2>  =  0.3162  v/c 

o 


(6) 


where  cq  is  the  mean  sound  speed  in  m/sec.  The  mean  correlation  distance 
associated  with  the  refractive  index  variations  is  given  by 


a  =  6.699  x  io~2/r  .  (7) 

2  1/2  2  1/2 

Predictions  of  <BpR>  and  <SpR>  can  be  made  by  substituting 
Eqs.  (5)-(7)  into  Eqs.  (1)  and  (2).  Results  of  such  predictions  appear 
in  Figs.  10,  11,  and  12. 

2  1/2 

In  Fig.  10,  values  of  rms  amplitude  fluctuations  <B  >  are  shown 

FR 

as  a  function  of  array  length  L  and  pump  frequency  f  .  These  values  are 
calculated  assuming  v  =  5  kt  and  Lq  =  0.25  m  (here  Lq  is  approximated  as 
the  diameter  of  the  wake  behind  the  transducer).  Note  that,  even  at  the  low 
speed  of  5  kt,  significant  levels  of  rms  amplitude  fluctuations  are  pre¬ 
dicted  for  array  lengths  greater  than  10  m  and  pump  frequencies  greater 

than  100  kHz.  For  example,  with  L  =  20  m  and  f  =  250  kHz,  the  predicted 

2  1/2  p 

value  of  <BpR>  is  approximately  0.4.  This  means  that  the  "output"  of 
the  parametric  receiver  (i.e.,  the  sideband  pressure  detected  by  the 
hydrophone)  will  vary  in  amplitude  by  an  rms  amount  of  40%  of  its  mean 
value.  As  shown  in  the  figure,  this  value  of  fluctuation  increases  with 
increasing  pump  frequency. 


rm 


FIGURE  10 


DEPENDENCE  OF  <bJr>%  UPON  PUMP  FREQUENCY 


rms  AMPLITUDE  FLUCTUATIONS  -  <B»b>% 


FIGURE  tl 

DEPENDENCE  OF  <BpR>%  UPON  THE  STRUCTURE  CONSTANT 
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FIGURE  12 

DEPENDENCE  OF  <SpR>1/6  UPON  PUMP  FREQUENCY 
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as  a  function  of 
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Similar  results  are  shown  in  Fig.  11  for  <B  > 

2  *  ** 

array  length  L  and  structure  constant  C^.  Shown  in  parentheses  are 
approximate  values  of  boat  speed  to  which  the  structure  constants  cor¬ 
respond.  The  pump  frequency  is  assumed  to  be  500  kHz  and  Lq  is  again 
0.25  m.  Note  that  increasing  boat  speed  produces  a  significant  increase 
in  the  level  of  amplitude  fluctuation  for  a  given  array  length.  For  an 

array  length  of  20  m,  the  level  of  amplitude  fluctuation  exceeds  the 

2  1/2 

range  of  validity  of  the  theory  (i.e.,  <B  >  exceeds  0.5)  for  most 

2  *  R 

values  of  C  shown, 
n 

Phase  fluctuations  as  a  function  of  array  length  and  pump  frequency 

2  1/2 

are  shown  in  Fig.  12.  These  values  of  rms  phase  fluctuations  <S  >  , 

2  1/2  -7  PR 

in  radians,  are  calculated  for  <p  >  =  2.94  x  10  ,  which  corresponds 

to  a  boat  speed  of  approximately  5  kt  and  Lq  =  0.25  m.  The  fluctuation 
levels  in  the  figure  are,  for  an  array  length  of  20  m,  generally  in  excess 
of  0.1  rad.  Thus  it  can  be  seen  from  Fig.  12,  that,  for  pump  frequencies 
greater  than  250  kHz  and  array  lengths  greater  than  20  m,  the  phase  fluc¬ 
tuations  will  have  significant  levels  (in  excess  of  0.35  rad).  The 
levels  shown  in  Fig.  12  may  be  expected  to  increase  with  boat  speed  in  a 

manner  similar  to  that  demonstrated  by  the  amplitude  fluctuations.  For 

2  1/2 

a  pump  frequency  of  500  kHz,  <S  >  will  exceed  0.5  rad  for  speeds 

r  K 

greater  than  5  kt,  even  at  short  array  lengths. 

C.  Conclusions  and  Future  Work 

The  objective  of  the  investigation,  to  analytically  determine  the 
effects  of  turbulence  on  mobile  parametric  reception,  has  been  accom¬ 
plished.  Theoretical  expressions  have  been  developed  for  the  amplitude 
and  phase  fluctuations  produced  by  turbulence  in  the  interaction  region 
between  pump  transducer  and  hydrophone.  Predictions  have  been  made  for 
the  level  of  fluctuations  that  can  be  expected  in  practical  applications. 
In  this  section,  some  conclusions  are  drawn  from  the  results  of  the 
investigation,  and  future  work  is  discussed. 


The  principal  conclusion  that  can  be  made  is  that  turbulence  can 
produce  significant  variations  in  the  amplitude  and  phase  of  an  acoustic 
signal  detected  by  the  parametric  receiver.  For  a  20  m  long  parametric 
receiver  moving  at  a  speed  of  5  kt,  it  has  been  shown  theoretically  that 
rms  amplitude  variations  exceed  50%  of  the  mean  amplitude,  and  rms  phase 
variations  exceed  0.5  radians,  for  pump  frequencies  of  500  kHz  and  higher 

A  second  conclusion  that  can  be  drawn  from  the  theoretical  results 
is  that  the  level  of  the  fluctuations  is  highly  dependent  upon  the  inten¬ 
sity  and  geometry  of  the  turbulence  present  in  the  interaction  region. 

2  2 

Specifically,  <B,>  is  dependent  upon  the  structure  constant  C  [see 
r  R  n 

Eq.  (3)]  and  <S  J>  is  dependent  upon  the  mean  square  refractive  index 
2  i  R 

variations  <p  >  and  the  correlation  distance,  a. 

This  strong  dependence  of  fluctuation  levels  upon  the  turbulence 

parameters  means  that  the  accuracy  of  any  theoretical  prediction  of 
2  2 

<BpR>  or  <SpR>  is  limited  by  the  accuracy  of  the  turbulence  parameters 
used  in  making  the  calculation.  These  parameters  are  best  determined 
experimentally,  a  point  which  leads  to  the  third  conclusion  resulting 
from  the  investigation,  that  experiments  are  needed  to  determine  the 
intensity  and  geometry  of  the  turbulence  that  can  be  expected  in  a  prac¬ 
tical  application.  Some  data  regarding  these  turbulence  parameters 
should  permit  predictions  of  the  effects  of  turbulence  on  mobile  para¬ 
metric  reception  that  would  be  more  accurate  than  those  presented  in 
Section  III-B. 

Furthermore,  experimental  "testing"  of  the  assumptions  made  in  the 
theoretical  analysis  would  extend  the  usefulness  of  the  present  study  by 
defining  the  limits  of  its  applicability.  For  example,  it  may  be  found 
that  the  assumptions  of  isotropic  turbulence  and  of  complete  transverse 
correlation  of  fluctuations  are  valid  only  for  certain  velocities  or  for 
certain  geometrical  configurations. 

Finally,  there  are  two  effects  of  turbulence  that  have  not  been 
considered  in  the  present  study.  One  is  the  spectral  broadening  of  the 


pump  wave,  which  will  contribute  to  the  self-noise  of  the  parametric 
receiver.  This  effect  could  reduce  the  minimum  signal  level  that  can  be 
detected.  A  second  effect  is  the  noise  generated  by  turbulence,  both 
volume  distributed  noise  and  flow  noise  at  the  face  of  the  hydrophone. 
This  noise  could  also  reduce  the  minimum  detectable  level  of  the  para¬ 
metric  receiver.  Both  of  these  effects  are  more  amenable  to  experimental 
than  to  theoretical  study. 

An  experimental  investigation  generally  dealing  with  the  points 
discussed  above  has  been  proposed  and  will  be  sponsored  by  NAVSEA 
Code  63R,  under  Contract  N00024-79-C-6358,  Item  0034. 


IV .  SUMMARY 


The  parametric  acoustic  receiving  array  has  characteristics  that 
make  it  attractive  as  a  possible  passive  sonar  for  mobile  applications. 

It  is  capable  of  forming  a  conical  receiving  beam  with  minimum  hardware 
in  the  water.  However,  the  effects  of  both  transducer  vibration  and  turbu¬ 
lence  offer  possible  constraints  on  the  capability  of  a  mobile  PARRAY. 

These  topics  were  investigated  as  reported  in  the  previous  sections. 

It  was  found  analytically  and  experimentally  that  the  PLL  receiver 
developed  in  this  study  is  capable  of  greatly  reducing  the  effects  of 
transducer  vibration  on  PARRAY  performance.  Typically,  30  dB  attenuation 
of  vibration  induced  sidebands  was  achieved  using  the  PLL  receiver. 

It  was  determined  analytically  that  turbulence  can  produce 
significant  levels  of  amplitude  and  phase  fluctuations  in  the  signals 
detected  by  a  mobile  PARRAY.  For  a  20  m  long  PARRAY  moving  at  5  kt,  it 
has  been  shown  theoretically  that  rms  amplitude  fluctuations  may  exceed 
50%  of  the  mean  amplitude,  and  rms  phase  fluctuations  exceed  0.5  radians, 
for  pump  frequencies  of  500  kHz  and  higher. 

These  fluctuations  depend  strongly  upon  the  intensity  and  geometry 
of  the  turbulence  present  in  the  PARRAY  interaction  volume.  Future 
experimental  work  is  required  to  accurately  determine  the  fluctuation 
levels  that  may  be  expected  in  practical  applications. 
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